A new X-ray diffraction method for the determination of crystallinity of polymers is reported. A probability function is used to express the intensity distribution of an amorphous halo. The intensity of the halo buried under any crystalline peak can be calculated by this function. An amorphous-standardaddition method was used to determine crystallinity. A linear relationship between intensity and concentration is derived theoretically and applied to polyethylene terephthalate. No previous chemical or structural information about the polymer is necessary for this method. Very good agreement between X-ray data and density measurements were obtained. This method is rapid, practical and suitable for routine analysis.
Introduction
Crystallinity is defined as the weight fraction of the crystalline portion of a polymer. Since the advent of polymer science, two models have been used to correlate the polymer structure and its properties, the earlier fringed-micelle model and the recent folded-chain model. In both models it is assumed that the polymer is composed of crystalline and amorphous regions. The crystallinity of the polymer has a definite effect on its performance and various methods have been used to determine this parameter.
There are five different methods for determining the crystallinity of a polymer: (1) X-ray diffraction, (2) density, (3) infrared, (4) n.m.r, and (5) heat of fusion. The infrared method requires a standard, the crystallinity of which has been determined by other independent methods (Elliott, 1969) . Density measurements have been used to give an independent estimate of crystallinity. However, the density method requires the density of the completely crystalline polymer which in turn requires the unit-cell dimensions of the polymer crystals as determined by X-ray diffraction analysis (Meares, 1965) . The n.m.r, method is primarily a measurement of motion, not order. The n.m.r, spectrometer classifies the slower-moving protons as the 'rigid' crystalline fraction, the faster-moving protons as the 'mobile' amorphous fraction. The motion of the polymer chains is sensitive to temperature, molecular weight, and crosslinks (Miller, 1966) . The calorimetric method has a sound thermodynamic definition of order. It requires the heat of fusion of pure-crystalline polymers derived from other thermodynamic measurements by extrapolation (Du Pont, 1968) . The X-ray method provides a sound physical definition of order. It requires a clear separation of the amorphous halo from the crystalline pattern.
Crystals diffract X-rays coherently according to Bragg's law, giving sharp peaks, while amorphous materials scatter X-rays incoherently giving a diffuse halo. The X-ray diffraction pattern of a semicrystalline po-lymer is the superposition of sharp peaks over a diffuse halo. There are several different procedures to derive the degree of crystallinity from this diffraction pattern. The currently used crystallinity-index methods (Wakelyn & Young, 1966; Statton, 1963; Bosley, 1964) assign an index to a sample by comparing its pattern with that of the least (index = 0) and most (index = 100) crystalline standards obtained by quenching-annealing treatments. The disadvantage of these relative methods is that the indices cannot be compared between different laboratories or for different polymers. The absolute crystallinity methods (Hermans, 1961 (Hermans, , 1962 Matthews, Peiser & Richards, 1949; Ruland, 1961) involve many empirical rules, correction factors, and/or abstract functions; hence, they are not convenient for rapid routine analysis.
A new approach to the determination of crystallinity has been applied to polyethylene terephthalate. This approach appears to be sound in theory, and suitable for rapid routine analysis.
Problems and solutions of the X-ray method
There are two major problems involved in all the X-ray methods: (1) the need for quantitative separation of intensity contributions from crystalline peaks, amorphous halo, and background; and (2) the need for nearperfect crystalline polymer standards. Such standards do not exist. These two problems are dealt with in the following manner by this new approach:
(1) Intensity separation
The intensity distribution of the X-ray diffraction pattern is the Fourier transform of the electron-density distribution in the sample. The halo of the diffraction patterns of amorphous polymers is due to the interatomic vectors between adjacent polymer chains (Klug & Alexander, 1954) . Hence, the position of this halo is a measure of the interchain separation, and the intensity of this halo is a measure of amorphous material in the sample. For amorphous polymers, the interchain separ-ation is a continuous variable and completely random within certain limits (James, 1965) . This suggests that some kind of probability function might be useful for governing this situation. Naturally, the Gaussian distribution function is the first choice. The Fourier transform of a Gaussian function is another Gaussian function. Hence, the amorphous diffraction halo could be represented by a normal distribution function. It is found that amorphous diffraction halo of many polymers (Hermans et al., 1961 (Hermans et al., , 1962 Klug & Alexander, 1954; Barlow & Young, 1970) can be fitted to a Gaussian function. For practical purposes, any of the following functions can be used to fit the intensity distribution of scattered X-rays by choosing proper scales as shown in Fig. 1 The feature of this treatment is that only one observable point of the curve is needed to trace out the whole curve. Of course, more points can be used to improve the precision.
The fitting is slightly off for values of x> 1 and therefore, the observable point should be chosen not too far away from the maximum. In very unusual cases where the only observable point is at x> 1, then a correction term should be added, such as an inorganic and an organic pigment. The air scattering is significant only below the 15 ° (20) value. Since these crystals have near-perfect lattices, the very low background can be totally attributed to electronic noise and white radiation. Any background higher than this is due to amorphous materials and lattice imperfections. By comparing Figs. 2 and 3, it is apparent that when the observable point is between two peaks separated by about 2 ° or more, its intensity would not be affected by the tails of the crystalline peaks.
The diffraction patterns were obtained by use of a Norelco X-ray diffractometer equipped with a fullwave rectifier, high-intensity copper tube, curved graphite-crystal monochromator, solid-state scintillation counter and an electronic-circuit panel containing a pulse-height analyzer. All subsequent data were obtained with this diffractometer under the same instrumental conditions. The same background (32 c.p.s.) was also used for all subsequent calculations. to obtain a best fit for the whole curve.
In the X-ray diffraction pattern of a polymer, Fig. 2 , the minimum between well separated peaks, e.g. at x=20 ° (20 value), minus the background, should be solely due to the amorphous portion of the polymer. This experimental point can be used to calculate the constant a, which is the maximum intensity of the amorphous halo, in the intensity distribution functions. Once the scale and the constant are determined, the intensity of the amorphous halo buried under the crystalline peaks can be easily calculated, thus achieving the desired intensity separation.
Because of improved modern instrumentation, the background due to electronic noise and white radiation is suppressed to the minimum. This can be seen from the diffraction patterns of futile TiO2 (Swanson & Tatge, 1953) and toluidine red (Chung, 1971) , Fig. 3 (2) Amorphous-standard addition Although the perfect crystalline polymer does not exist, a completely amorphous polymer of the same chemical composition is usually available with a few exceptions such as polyethylene and Teflon, etc. These completely amorphous polymers can be used as standards to determine the crystallinity.
Consider the polymer as a mixture of two components, the crystalline and the noncrystalline. The crystalline component is defined as the one which diffracts X-rays coherently according to Bragg's law. The noncrystalline component is defined as the one which scaters X-rays incoherently, forming a halo. Thus a polymer is a simple two-phase system. According to a mathematical relationship derived by Klug & Alexander, (1954) , the intensity of X-rays diffracted by component a of a mixture is: It is obvious that when kt,¢Ctm the intensity-concentration (I-x) relationship is not linear. However, in the case of a polymer its two components, the crystalline and the noncrystalline, are polymorphic (or allotropic) forms in the sense they are the same compound in two different forms, hence Ft, =/-tin, and a linear relationship between intensity and concentration should exist.
If subscript a is used for the noncrystalline component, and subscript c is used for the crystalline component, we have l+k/o Note that x~ is the weight fraction of the crystalline phase which is also the crystallinity of the polymer by definition, and k is the slope of the straight line when Xa/X~ is plotted against I,/I~. Incidentally, the linear relationship between intensity and concentration was assumed in the method of Hermans et al. (1961, 1962) . Ia and I~ are experimental data, k and x~ are two unknowns. One more equation is required to solve for k (slope) and x~ (crystallinity). The completely amorphous polymer rather than the perfectly crystalline polymer (which does not exist) can be used as a standard. If a mixture of resin powders of 80% unknown and 20 % amorphous standard is made, then for unknown" Xc = I, 
l+k);
In order to increase the precision, mixtures of different proportions can be made and run. We can have n (n > 2) equations for 2 unknowns which can be easily solved by the least-square method to obtain the best possible value of slope (k) and crystallinity (x~).
This amorphous standard may be (a) the quenched melt of the same polymer, (b) a polymer made from the same monomer by a different process (Sweeting, 1971 ), or (c) a polymer made from isomeric monomers such as polyethylene terephtalate and polyethylene isophthalate. The scattering factor and absorption coefficient of these standards should be the same.
Experimental
A crystalline PET powder SWPET (Sherwin-Williams Company) was used for this study. Three amorphous standards were used: VPE (Goodyear PET), polyethylene isophthalate SWPEI (Sherwin-Williams Company), and a quenched melt made from SWPET. Three series of experiments were run by using these three amorphous standards respectively. All the four resin powders were passed through a Fisher 150 mesh sieve. The amorphous-standard powder was added into the unknown sample in various proportions. The mixtures were thoroughly blended by putting them on a roller mill for about two hours. The X-ray diffraction patterns THE DETERMINATION OF CRYSTALLINITY OF POLYMERS of these mixtures were obtained. The three series of data are listed in Table 1 . The intensity data are in chart units. One chart unit is equivalent to 32 c.p.s. Sample No 1 is the polymer SWPET whose crystallinity is to be determined. Sample No. 10 is the completely amorphous standard. The X-ray diffraction patterns of the three amorphous standards are nearly the same, as shown in Fig. 4 . The experimental intensity distribution of the halo is fitted to one of the previously mentioned functions. For the sake of simplicity, the Witch of Agnesi is picked
where y is the intensity, x is the 20 value, and a is the maximum intensity. In our case, Fig. 1, x=0 at 20--21.6 °, y=a=33.2 chart units (maximum intensity). When an interval of 6.8 ° in 20 is taken as the unit of x, the amorphous halo can be well represented by the above equation.
The 100 crystalline PET peak is at 20=26 °, (Fig. 2 ) which is equivalent to x = 22/34. The observable amorphous intensity is chosen at 20 = 20 ° which is equivalent to x = -8/34. The background is one chart unit (equiv-alent to 32 c.p.s.) based on the X-ray diffraction patterns of near-perfect crystals under the same instrumental conditions.
The result obtained for sample No. 9 is too far from the average. This sample was prepared with 92.32 % of standard and 7.68 % of the unknown. Further, the determined crystallinity of this mixture is only 7.68 x 66.0 %0 = 5.0 %0 which is close to the detection limit of the X-ray method.
The average crystallinity of the polymer SWPET is 66.0 % (samples Nos. 6 and 9 are excluded). The •standard deviation is 0.5 %0. At the 95 %0 confidence level, according to Student statistics, the crystallinity of this polymer is 66.0 + 0.3 %.
Using the determined crystallinity of polymer SWPET of 66.0%, the crystallinity of all 20 samples was •calculated. Their intensity ratios and concentration ratios are listed in Table 2 . The data in Tables 1 and 2 are plotted in Fig. 5 and 6 . A linear relationship between intensity and concentration does exist as expected from theoretical considerations even with different amorphous standards. Note that in Fig. 5 , the Ic line passes through the origin, while the I, line by extrapolation passes through the point of 100 % crystallinity. ' 1~3 ' 2'2 ' 2'6 ' 3'0 ' 34-20(*) Fig. 4 . The X-ray diffraction patterns of three amorphous standards: PET, PEI and quenched SWPET. Xa~ Xc Fig. 6 . Linear relationship between intensity ratio and concentration ratio.
Discussion
For X-ray diffraction work, the integrated intensity should be preferred rather than simply the peak height. However, because of serious overlapping, it is difficult to obtain the integrated intensities with reasonable confidence. The difference between the integrated intensity and peak height will be regulated by the empirical constant k which also takes care of the absorption factor and the Lorentz-polarization factor automatically. The diffuse scattering need not come only from amorphous materials in the sample but can also arise from crystal-lattice distortions and crystallite-size effect. This is surmounted by defining the polymer as a system of crystalline and noncrystalline components. The weight fraction of the crystalline component, hence the crystallinity, is a measure of order, and the order is represented by that portion of the structure which diffracts X-rays coherently according to Bragg's law. Then the paracrystalline state, the lattice imperfections, the crystallite-size effect, the thermal vibrations, and the noncrystalline structure are merely different kinds of disorder.
The crystal structure of PET has been determined by use of X-ray diffraction analysis (Daubeny, Bunn & Brown, 1954) the density of completely crystalline PET is 1.455 g cm -3, and the density of completely amorphous PET is 1-335 gcm -3. The density and the crystallinity are related by the following equation (Alexander, 1969 ):
xwhere x = crystallinity Qc = crystalline density 6)a = amorphous density = density of partially crystalline sample.
Given x= 66.0%, the calculated density of SWPET should be 4= 1.412 gcm -3. The density of the SWPET powder measured by ASTM method D153-B which should give accurate density for powder samples is 1.415 g cm -3. The agreement is remarkably close in this case, even though the agreement between X-ray and density crystallinity is still controversial in the literature (Miller, 1966; Dumbleton & Bowles, 1966) .
The features of this new approach are: (a) the intensity-separation and standard-addition procedures are not subject to human error. Hence the data should be comparable between different laboratories or for different polymers, (b) previous chemical or structural information about the polymer sample is not required for this method, and (e) it is simple, rapid and suitable for routine analysis.
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